Abstract-Microelectromechanical systems (MEMS) accelerometers based on piezoelectric lead zirconate titanate (PZT) thick films with trampoline or annular diaphragm structures were designed, fabricated by bulk micromachining, and tested. The designs provide good sensitivity along one axis, with low transverse sensitivity and good temperature stability. The thick PZT films (1.5-7 m) were deposited from an acetylacetonate modified sol-gel solution, using multiple spin coating, pyrolysis, and crystallization steps. The resulting films show good dielectric and piezoelectric properties, with P r values 20 C cm 2 , r 800, tan 3%, and e 31 values 6 5 C m 2 . The proof mass fabrication, as well as the accelerometer beam definition step, was accomplished via deep reactive ion etching (DRIE) of the Si substrate. Measured sensitivities range from 0.77 to 7.6 pC/g for resonant frequencies ranging from 35.3 to 3.7 kHz. These accelerometers are being incorporated into packages including application specific integration circuit (ASIC) electronics and an RF telemetry system to facilitate wireless monitoring of industrial equipment.
Since the electromechanical coupling coefficients and the piezoelectric constants of PZT are much higher than those of ZnO films, the charge sensitivities of piezoelectric MEMS accelerometers using ZnO films are relatively small [3] [4] [5] [6] [7] . Therefore, this work concentrated on the use of PZT films.
Several groups have previously reported on the use of PZT MEMS accelerometers. In 1996, Nemirovsky et al. [8] designed a PZT thin-film piezoelectric accelerometer with a calculated sensitivity of 320 mV/g, however, it has not been fabricated. In 1997, Kim et al. fabricated a surface-micromachined PZT accelerometer using cantilever beams as the sensing structure [9] . No dynamic frequency response measurement was reported. In addition, surface micromachining limits the thickness of microstructures; as a result, the sensitivity is limited. In 1999, bulk-micromachined accelerometers were fabricated and tested by Eichner et al. [10] . A seismic mass and two silicon beams were used as the sensing structure; an average sensitivity of 0.1 mV/g was measured and the resonant frequency was calculated at 13 kHz. Beeby et al. [11] , [12] fabricated a bulk micromachined accelerometer using PZT thick films, which were prepared by screen-printing processes. Their reported sensitivity of 16 pC/g is puzzling, however, as described elsewhere [13] .
For inertial sensors, the minimum detectable signal is limited by Brownian noise [14] , which is described in the following:
where is the minimum detectable signal when the signal-to-noise ratio (SNR) is unity; is Boltzmann's constant; is the absolute temperature; is the resonant frequency of the sensing structure; is the effective sensor mass; and is the quality factor. If the minimum detectable signal is 30 g at 100 Hz with a SNR of 4, the minimum is 0.3 g, which is not small for MEMS devices. Therefore, bulk micromachining is preferred in this work, since it can produce a larger mass than surface micromachining. Previously reported bulk micromachined accelerometers were largely fabricated by wet processing of the silicon using crystal-orientation-dependent anisotropic etching (KOH, EDP, or TMAH). However, this requires corner compensation, accurate alignment with crystal orientation to obtain the designed structures and high-quality hard masking materials (such as silicon oxide and silicon nitride). In addition, the wet processes are difficult to control industrially and have low compatibility with IC processing. There are two previous reports on the development of PZT-based accelerometers fabricated using deep reactive ion etching: one optimized for high sensitivities at low frequencies ( 300 Hz) [15] ; the other designed for broader bandwidth operation [13] . This paper is an amplification of the report in reference [13] .
II. DEVICE DESIGN AND FEA SIMULATION
Two sensing structures were investigated, a trampoline-style sensor, in which the proof mass is suspended at the juncture of crossed beams, and an annular diaphragm sensing structure with an annular membrane with a suspended proof mass at the center of the diaphragm (see Fig. 1 ). The piezoelectric film is deposited on a bottom electrode so that it can be poled through its thickness. For both designs, the stresses are of opposite signs close to the frame and close to the proof mass. Thus, the top electrodes were separated in order to pole the two sections in opposite directions; the areas are adjusted to be identical. When the outputs of the electrodes are connected in parallel and films are poled in the opposite directions, the pyroelectric output of the sensor is cancelled. The top electrodes are placed only over highly stressed areas in order to better match the charge amplifier ASIC. The overall sensor size was 6 mm by 6 mm.
Compared with the beam-type sensing structures, the annular diaphragm design [13] has several advantages. First, it uses area more efficiently, so it has a smaller die size with the same electrode area. Second, the sensor has a higher resonant frequency and wider bandwidth because the structure is stiffer. Finally, the sensor is insensitive to transverse acceleration because of the symmetrical structure. From a fabrication standpoint, the design does not require etching through the silicon to release the diaphragm, therefore, the fabrication process is simplified and yield is enhanced. Consequently, most of the results are reported for the annular diaphragm design.
Both structures were modeled by finite element analysis (FEA) using ANSYS software. The stress distributions are shown in Fig. 2 and resonant frequencies can be obtained.
Combining the constitutive equations of the piezoelectricity [16] , the charge sensitivity can be obtained by integrating the piezoelectric charge over the top electrode areas. 
III. FABRICATION
Both trampoline and annular diaphragm accelerometers were designed on the same photomask set; in addition, a test pattern was included as well. Five photomask levels were used here. The fabrication process flow is shown in Fig. 3 The starting substrate was a 4-in diameter, (100) n-type (resistivity -cm), double-side-polished silicon wafer. 0.8 m thermal oxide was grown on the wafers and the bottom Ti-Pt electrode (200 Ti, 1500 Pt) was then sputtered (NOVA Electronic Materials Inc.). Thick PZT films were deposited using a chemical solution deposition approach. In brief, films were prepared from 2-methoxyethanol based solutions using lead acetate trihydrate, zirconium n-propoxide, and titanium isopropoxide as precursors. 0.7 to 0.8 Molar solutions were prepared and modified with 22.5 vol% acetylacetonate (Aldrich Chemical Company). The solution was batched to produce the morphotropic phase boundary composition, , with 20 mole% excess lead. The sol was deposited by spin-coating at 1500 rpm for 30 s on a photoresist spinner (Headway Research, Inc., Garland, TX). After deposition, each layer was subjected to a two-stage pyrolysis sequence. A 1-min 300 C heat treatment was immediately followed by one at 450-500 C. The layer was then crystallized to a phase-pure perovskite at 700 C for 30 s in an RTA furnace (A. G. Associates, San Jose, CA). A multilayering scheme was employed to achieve the desired film thickness m . The resulting PZT films had a nearly random polycrystalline X-ray diffraction pattern, relative permittivities in the range of 800 to 1000, a , C cm , and an value of 6 to C m . Fig. 4 shows the piezoelectric properties of the films as a function of thickness and composition. All devices were made using the 52/48 Zr/Ti ratio in order to maximize the piezoelectric response. Following the PZT deposition, the top electrode of Cr (80 ) and Au (800 ) was deposited via electron-gun and thermal evaporation, respectively. Photoresist was then coated on both sides of the wafer, front-to-back side alignment was done using a mechanical jig and the wafer was exposed in a Karl Suss MA6 contact aligner. After development, the top electrode was wet-etched, and the backside oxide was reactive ion etched in plasma (power: 200 W; pressure: 40 mtorr). After stripping the photoresist on both sides, the backside of the wafer was spin-coated with photoresist to protect the already patterned silicon oxide during the subsequent PZT etching step. After another photolithography step, a two-step wet etch process was utilized to pattern the thick PZT layer [17] . The bottom electrode was patterned by RIE using plasma (power: 400 W; pressure: 6 mtorr). A subsequent oxygen plasma ashing step was used to remove the photoresist. At this point, the frontside processing was finished.
Thick resist photolithography was utilized to define the die frames, diaphragms, and proof masses of the trampoline structures. A 13 m thick AZ4620 photoresist, which can be obtained at a spin speed of 1500 rpm, was used. Before the DRIE steps, the frontside of the wafer was spin coated with Shipley 1813 photoresist to protect the films during the oxide etching between the two DRIE steps. The first DRIE step was used to define the thickness of the beams and diaphragms. After defining the beam and diaphragm thickness, BOE was used to remove the patterned oxide on the beam areas, after which a second DRIE step was used to etch through the wafers (visual endpoint detection). The sidewall of the proof mass had an angle of (see Fig. 5 ). After stripping the remaining front-side oxide, and stripping the resist, the dies were separated. An example of a completed annular accelerometer is shown in Fig. 6 .
IV. MEASUREMENT
Dynamic frequency response characterization was performed to evaluate the performance of the piezoelectric MEMS accelerometers. First, a MEMS accelerometer was glued to a ceramic substrate which had screen-printed silver pads for wire bonding and soldering. Then the MEMS accelerometer was wire-bonded to the pads. Finally, a coaxial wire was soldered to the ceramic substrate for the signal output. The output of the MEMS accelerometer was connected to a charge amplifier, which has a 10 pF feedback capacitor with an amplification of 10 mV/pC. A comparison measurement was performed using a reference accelerometer (Wilcoxon Research 05 238), which was also connected to a charge amplifier (Wilcoxon Research CC701). The outputs of both accelerometers were connected to a two-channel dynamic signal analyzer. A swept-sine signal, generated by the analyzer and enhanced by a power amplifier, was used to drive an electromagnetic shaker (Wilcoxon Research AV50) to mechanically excite both accelerometers with the same magnitude. Therefore, the frequency response was obtained by a transfer function measurement. One of the measured frequency responses of the MEMS accelerometers is shown in Fig. 7 . Through this measurement, the charge sensi- tivity and resonant frequency of the MEMS accelerometers can be calculated and observed.
V. RESULTS AND DISCUSSION
Sensitivities range from 0.77 to 7.6 pC/g with resonant frequencies ranging from 35.3 to 3.7 kHz were measured (see Fig. 7 . Typical frequency response of a MEMS accelerometer reported here; the resonant frequency is 17.4 kHz and the subresonance sensitivity is 1.4 pC/g. The curve shows a typical frequency response of a MEMS prototype accelerometer from 500 Hz to 25 kHz. For frequencies lower then 500 Hz, a flat frequency response range (60 to 500 Hz) can be obtained with appropriate electronics. Table I ). These high sensitivities and broad usable frequency ranges were obtained because of the good sensor design and high quality of the piezoelectric films; values of C m were obtained on the same wafer for which most accelerometer measurements were made [18] . The sensor-to-sensor frequency and sensitivity variations were caused largely by variations of the silicon diaphragm thickness. This is because of nonuniformity in the Si DRIE etching. The differences between measured and calculated (by finite element analysis) sensitivities were 2 to 30%. The discrepancy between the measured sensitivity and the FEA calculations are believed to be due to the large tolerance m during the mechanical front and backside alignment, residual stress in the membrane, and piezoelectric film variations. The transverse sensitivity was found to be 2% of the sensitivity along the principal axis.
In the measurement, another important aspect of the sensor design was also observed. The ratio between the measured sensitivity and the FEA calculations is plotted as a function of the silicon thickness in Fig. 8 . The ratio is nearly constant ( 60%) down to a silicon thickness of m, and then starts to increase with decreasing silicon thickness. One possible origin for this behavior would be that the piezoelectric constant starts to increase with decreasing silicon thickness below this point. If so, then the piezoelectric constant at a silicon thickness of 6.1 m is about two times larger than the average value for the heavily clamped films. This difference is much larger than the point-to-point variations in the piezoelectric coefficient of the film ( 5%). If this is the critical factor, then it is likely that the increased response results from removal of the clamping of the PZT films from the silicon substrate [19] . Similar increases in the piezoelectric response have been reported when the in-plane constraints on ferroelectric thin films are relieved by laterally subdividing them [20] , [21] . Another possibility is that the structure itself deforms due to stress relief, leading to the part behaving more like a shell than a diaphragm. Consequently, the stresses may be amplified [22] . Finally, there is also a possibility that the mode shapes mechanically excited during the testing were not perfect. Further study to clarify the origin of this behavior is necessary. 
VI. ACCELEROMETER INTEGRATION
Wilcoxon Research has developed a low power ASIC for amplifying the piezoelectric signal, filtering and processing the signal and performing analog to digital signal conversion. The MEMS accelerometer connected to the ASIC is managed by a digital signal processor (DSP) which also controls a Bluetooth rf system for wireless transmission of the accelerometer signal. Battery power management is achieved by a combination of the ASIC and the DSP. The MEMS contributes to both the minimization of the size of the instrument and to the low power requirements of the circuitry thus enabling the integration of a low-profile, high sensitivity, wireless accelerometer.
VII. CONCLUSION
The piezoelectric MEMS accelerometers, combining a novel annular diaphragm design and high electromechanical coupling thick PZT films, demonstrate high sensitivities (0.1 to 7.6 pC/g) and broad usable frequency ranges (44.3 to 3.7 kHz). The accelerometer design provides good sensitivity along one axis, with low transverse sensitivity and good temperature stability. Furthermore, the diaphragm design does not require etching through the silicon to release the diaphragm (unlike beam-type structures); therefore, the fabrication process is simplified and yield is enhanced. Finally, it was demonstrated that the behavior of the accelerometers depends on the thickness of the underlying Si passive layer. Therefore, uniform bulk silicon etch (oran SOI process) is necessary to have more controllable accelerometer responses for future potential mass production.
